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Humanoid robots have proven to be very useful and could revolutionize the way humans 
live.  Knowing human anatomy and behaviour helps improve a robotic mechanisms 
ability to perform human tasks. The following thesis introduces the concept of a three-
fingered robot hand and its driving mechanism. The hand includes two fingers and a 
thumb. Using the concept of “an under actuated system”, each finger consists of three 
revolute joints which are driven by two actuators and tooth belt transmission system. The 
thumb has two joints but only one joint is active and actuated by one motor. The passive 
joint is designed to set the initial position of the thumb on the piano key if necessary.  
Required angle of rotation for each joint has been calculated through Inverse Kinematics. 
Once the fingertip presses the piano key, it should apply 1N force to play a note. Force 
Sensing Resistors at each finger tip, as a control method, are introduced to the system to 
accurately measure the amount of applied force from the finger tip on the key and 
increase the angle of rotation of the motor if needed. Stress and deformation of the joints 
have been studied through Finite Element Analysis. A prototype model, consisting of a 
single finger was built to better understanding the functionality of the concept. Analysis 
of this model, led to necessary modification of the transmission system and some design 
revisions to each link. Genetic Algorithm using MATLAB was used to optimize the 
performance Index of a finger. Finally the hand assembly including all the components 
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The concept of a mechanical system in engineering refers to a group of elements 
that interact based on mechanical principles. Human body is an examples of a system 
called natural. In this system, the interaction of the elements results in an output as 
opposed to an objective, whereas a man-made system is designed with an objective. The 
objective is achieved by number of inputs such as requirements, programming and 
control. Robotic and non-robotic systems are two categories of a man-made mechanical 
system that are controlled. Robotic systems are used mainly in industries which goods are 
produced with more accuracy, speed and sometimes without human touch. These systems 
are either programmable and follow the motion commands stored in their memory or 
intelligent, which are able to react to an erratic change in their structure. It is expected for 
the intelligent robotic system to generate the output based on its acuity [1]. Figure 1.1 
depicts the levels and sub-levels of a mechanical system. 
 
 Figure 1.1 – Mechanical System Categories  
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Since well before 1970, a variety of robots have been developed to complete very 
simple to multi-functional precise maneuvers in various industrial environments. Robotic 
mechanism is defined in two types of structures. Serial structures have only one open 
kinematic chain (figure 1.2). One end of this chain is attached to the base and the other 
end is free in space, which is called end-effector. Using revolute or prismatic joints along 
with parallel or intersecting joints, results in more simple structure and control of these 
structures. Since all the joints are moving along one axis, the system is very stable and 
rigid. This is one of the important requirements of many robotic applications. One of the 
disadvantages of these serial robots is that the error in the end effector is the sum of error 




 Figure 1.2 - Serial Manipulator [2] 
 
In the parallel mechanism, the end-effector is connected to the base by number of 
independent links.  Movement of each link is constrained by the effect of other links. This 
closed-loop stiffness makes the overall system more rigid comparing to the serial 
mechanism. Error in each link is averaged in combination with the other links rather than 
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being cumulative. However, the system may gain infinite degree of freedoms which will 
be uncontrollable as opposed to Serial where each actuator must move within its own 
degree of freedom. Another disadvantage of parallel mechanisms is their limited 
workspace and not being able to move around the object. Figure 1.3 is one example of 
parallel system where the end effector is mounted between four links. In the case of using 
heavy end effector, the mass can be averaged between the other links which reduce the 
moment of inertia in mobile manipulators.  
 
 
Figure 1.3- Parallel Manipulator [4] 
 
Being the chief organ of the human body, hands (menus in Latin) are used for 
physically manipulating the environment, with highest accuracy. The creation of robotic 
hand that accurately mimics the movement of human hand has been well researched since 
WWII, when probe tubes containing radioactive material had to be handled. This resulted 
in design and manufacturing of first six-degree-of-freedom (DOF) manipulator [1].  
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Robot hands are available in three types; mechanical grippers, special purpose and 
universal. The mechanical gripper and special purpose are designed for an industrial use 
only. The shape of these robots is not similar to human hand. The universal hand is 
designed more like a human hand to be able to grasp and handle the objects and can be 
used in any environment and for any application. [5]. 
 
Packaging the actuator within the specific environment has divided robot hand 
into two categories: 1) built in actuator 2) external actuator. In the first type, the actuator 
(motor) is installed in the finger. This structure is independent and can be used for any 
arm design.  However, the space limitation is a disadvantage in this system. Following 
the concept of the human finger joints, it is hard to package each motor within the finger 
to drive each joint; therefore, usually the built-in hand has less than 4 fingers and even the 
five-fingered hands have fewer number of joints or degree of freedom. On the other side, 
the external actuator makes the structure of the finger light and simple by using belt 
transmission inside the finger and mechanically attaching the joints to the motor in the 
palm; therefore, the finger can be designed smaller [5].  
 
One of the important applications of a robotic hand is Prosthetic hand that is 
utilized to approximate the appearance and function of natural hand for amputees, who 
have endured the removal of some part of their bodies such as hand, arm and leg, due to 
either illness or accident. Many models have limited abilities but technology advances 
made it capable of gripping and moving in a natural manner with the wrist and forearm. 
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1.2 LETRATURE SURVEYS 
 
DLR-Hand I (figure 1.4), is a Four-fingered hand, designed and developed by a 
German Aerospace Center, DLR (Deutsche Luft und Raumfahrt) in 1997. Each finger 
consists of universal base joint with two DOF.  The base joint and the bottom finger link 
are equipped with a linear actuator. Bottom link actuates the second link actively. Second 
and third link are coupled by a spring. Therefore, third link is passively actuated by the 
bottom link.  Every joint has one angle sensor and one torque sensor. Several limit, 
position and temperature sensors add to total of 25 sensors. The maximum force at 
fingertip is required to be 11 N. Multiprocessors with two controllers, Global hand and 
local finger are used to control the system [6]. Global controller is placed in a separate 
workstation to measure the operation time and the local controller is attached to a 
manipulator which carries the hand [7]. Individual controller module is installed in each 
finger.  High degree of integration, rigidity, and light weight structure are the advantages 
of this hand design [8]. 
 
Figure 1.4 - DLR Hand I  
 7
 
Combination of mechanic and electronic principles resulted in the design of DLR-
Hand II (figure 1.5) which was more reliable, accurate in grasping the object and better 
functionality [9]. There are three independent joints in each finger and each joint is 
equipped with an actuator.  The actuation system in the base joints, with its two DOF, 
includes brushless dc-motor, harmonic drive gear and bevel gear that are directly coupled 
to the motor. The “medial joint” is designed to apply 3N force to the fingertip when the 
finger is in stretched position. In this joint the motor is attached to the gear through 
transmission belt. There are various numbers of sensors including position, torque, motor 
speed and temperature in each joint. Each finger and the hand are controlled by an 
external computer and one communication controller located at the base joint. The design 
and structure of the hardware system considerably reduced of number of cables from 400 
(used in DLR-Hand I) to 12 (four power supply and eight communication line) [9-10]. 
 
Figure 1.5 - DLR Hand II 
 
DLR-HIT hand (figure 1.6) is a shared project between DLR and HIT (Harbin 
Institute of Technology) which was designed right after development of DLRI and DLRII 
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[11]. This hand consists of four identical fingers and four joints in each finger. Thumb is 
designed with an extra degree of freedom for smooth grasping operation [12]. Joint-angle 
and joint-torque sensors have been installed at the tip of each joint to provide required 
data for force and positioning. Nominal and maximum fingertip force is required to be 5N 
and 7N respectively. The hand is controlled by one digital signal processor embedded in a 
PCI board for any PC. This development proved to be useful for variety of different 
applications [13, 14]. 
 
Figure 1.6 - DLR -HIT Hand 
 
 Installing the actuator inside the palm and generating the motion by wire driven 
mechanism led to design and development of a five-fingered hand which uses the 
ultrasonic motor as an actuator (figure 1.7). Each finger, designed identical to human 
finger with the same degree of freedom, consists of four joints and four motors [5]. The 
base has two joints which are driven by two motors. The medial and last joints are driven 
by the other two motors using two pulleys and a combination of wire and silicone rubber. 
Angular positions are measured by potentiometers. Maximum force of 6N is applied from 
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the fingertip to the object. Proportional feedback controller controls the velocity of the 
motors [15]. 
 





Studying and analyzing the robot hands mentioned in previous section helped in 
design and analysis of a 3-fingered robotic hand which represents an under actuated 
system. In this system, number of actuators is less than the degree of freedom (DOF) in 
each finger. The hand includes two fingers and one thumb. Each finger is designed with 
three DOF and three joints. First and second joints are active where the third joint is 
passive and mechanically coupled to the second joint. Using the concept of external 
actuators, two motors are installed outside of the finger, in the palm of the hand, to drive 
three joints. The thumb is designed with two joints and two DOF and driven with one 
motor that is installed directly on the thumb. Less components, less space and lower cost 
are the advantages of an under actuated system. Packaging space was one of the 
challenges of this design since the design intention was to create a model that is sized 
proportionate to a human hand.  Each finger had to be designed to fit within the size of 
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the key.  The amount of force required to be transferred to the finger tip to push the key 
was determined to be 1N max. Motors meeting this force requirement first had to be 
chosen based on their package size within the available environment (hand palm).  
Friction between joints and the transmission components and loss of motor efficiency 
was another challenge in this design and needed to be considered in motor selection.  
 
The purpose of this thesis was to realize the required mathematical and 
mechanical principles necessary to design a robotic mechanism within a limited 
environment.  The goal was a model that meets the functional requirements utilizing the 
least number of components, which would result in low cost system that was easy to 
repair.  Through various iterations, a working model was constructed that successfully 
met this objective.  
 
1.4 ORGANIZATION OF THESIS 
 
This thesis consists of 5 chapters. Chapter 2 will discuss the design concept of the 
hand, degree of freedom for each finger and system requirements. Driving mechanism, 
hardware selection and motor control are explained in detail. Angle of rotation for each 
joint is calculated through Inverse Kinematics. Stress and system deformation is analyzed 
on a finger through FEA studies. Preliminary prototype concept of one finger has been 
introduced and constructed to review and study the design factors and test the 
functionality of hardware components. This section will help determine the design issues 
and concerns to be fixed in the final hand design.  
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Chapter 3 will explain the final hand design in detail. All the revisions which had 
to be incorporated to the design through various iterations have been explained. Motion 
sequencing and driving mechanism has been tested through the experiment on the actual 
hand model in playing mode. 
 
Chapter 4 discusses the dexterity analysis of a finger as a 3-DOF manipulator. 
Dexterity Index has been calculated and optimized by Genetic algorithm in MATLAB. 
 
Chapter 5 will provide detailed breakdown of cost associated with each 


















CHAPTER 2 – CONCEPT GENERATION, 












The design concept developed for the three-fingered robot hand consists of two 
fingers and one thumb. Following the structure of serial manipulator, each finger is 
driven by three revolute joints and two servo motors. The thumb consists of two revolute 
joints and only one motor. Revolute joint, shown in figure 2.1, is a single-axis kinematic 
pair which provides one degree of freedom.  
 
                 Figure 2.1 – Revolute Joint 
To better differentiate between the segments of the hand concept, the terminology 
presented in figure 2.2 will be used.   
 
Figure 2.2 - Human Hand 
 
DIP₁&DIP₂, PIP₁&PIP₂, MP
Y axis (figure 2.3). 
2.1.2 Degree of Freedom
Degree of freedom for any manipulator can be defined as the minimum number of 
independent variables for





M is the mobility of the system DO
d is the order of the system (d=3 for planar motion, and d=6 for spatial motion)
14
₁&MP₂ and IP₂ rotate about Z axis where IP
Figure 2.3 - Hand Concept 
 
 
 each link/joint to determine the location of all the links with 
-Grübler-Kutzbach formula calculates the 
             
F 
₁ rotates about 
 
DOF 
                (2.1) 
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n is the number of the links including the frames 
g is the number of the joints 
 is the number of DOFs of the i
th
   joint 
 
 Since the number of joints is different for the finger and thumb, the DOF is calculated 
separately for each finger. 
In the finger design d=3, n=4, g=3 and  is 1 for i=1, 2 and 3. 
Therefore,  
M = 3(4-3-1) + 3= 3 
In the Thumb design d=3, n=3, g=2 and  is 1 for i=1, 2 
Therefore,  
M = 3(3-2-1) + 2= 2 
 
 
2.2 DRIVING MECHANISM 
 
For any transmission driven mechanism, the number of actuators used should be 
equal or greater than degree of freedom in that mechanism (i.e. M or M+1 actuators for 
M DOF). However, due to the packaging limitation and arrangement of motors, M-1 
actuators have been used in this robot hand. This is called “an under-actuated” system. 
Namely, one joint does not have an actuator and acts as passive joint (DIP joint in this 
design). As shown in figure 2.4, motor 1 actuates PIP₁ actively and since PIP₁ and DIP₁ 
are mechanically coupled, then DIP₁ will be actuated passively by PIP₁. Then when motor 
 16
2 rotates, actuates MP₁ and the fingertip contacts the piano key. The same concept applies 
for the other finger.  
The Thumb has two DOF. IP₁ was designed to initially setup the proper position of the 
thumb on the piano key (if necessary) and will not be actuated by any motor. Motor 5 
actuates only the IP₂ joint.  
 
Figure 2.4 - Hand Drive Mechanism 
 
 
2.3 DETAILED FINGER DESIGN 
 
2.3.1 System Requirements 
Functional and physical requirements of the system not only will determine the 
goal robot hand needs to achieve, also help making appropriate design decisions. Fingers 
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should be designed in a way that there is sufficient force to press the piano key. Using the 
force gauge, the required amount is determined to be 1N. As shown in figure 2.5, the 
transmission system transfers the force from the motor (F) to the DIP joint. However, it is 
assumed that friction between the links, distance between the joints and other factors 
reduce the efficiency of the motor force by 20%; therefore, the net amount of force on 
DIP joint will be lower than the actual motor force. The force from the fingertip to the 
piano key is applied in the y direction, which was found to be 1N in order to properly 
press the key. When purchasing the motor, the Fy should be calculated to make sure the 
force is enough and does not damage the key.  Also if the finger is moving 60 degrees, 
then the motor should rotate less than 1 second per 60 degree sweep.  
 
Since the hand will be playing the actual piano key, size of the finger should not 
exceed the size of piano keys (23.5 mm). As a general engineering principle, the hand 
should be designed as modular as possible but within budget. The cost breakdown of the 
project will be presented in later chapters. 
 
 
Figure 2.5 – Force transmission from motor to DIP joint 
 18
2.3.2 Hardware Selection 
Motor  
Since the packaging of the motors was one of the main criteria in the hand design, 
the motor was chosen first based on the size and then the force was calculated with 
known value of the torque to see if it meets the requirement. One of the motors purchased 
was 3.7g micro servo (figure 2.6a) from www.hobbyking.com. This motor provides 0.5 
Kg-cm (49Nmm) torque at 6V. Knowing the diameter of the motor, 11.6mm, the force 
produced by the motor (F) is calculated to be:  
F = T/ r = 49 Nmm/11.6 mm = 4.22 N                        (2.2) 
 
It was mentioned in the previous section that the motor force loses 20% efficiency 
when transferred to the last link; therefore, the net force will be: 
Net force = 4.22 × 0.80 = 3.37 N 
 
It is estimated that the last link will be at maximum 60 degrees with respect to the 
piano key; therefore, the applied force (Fy) is: 
Fy = F ×  Cos 60 = 1.68 N 
 
These numbers prove that the motor will transfer enough power to fingertip to 
press the key without damaging it. The motor speed is 0.18 s/60 degrees (less than 1 
second per 60 degree sweep per the requirement).  
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The second motor purchased, to be used for moving the thumb assembly, was 
Servo HS-55 (figure 2.6b) from www.robotshop.com. This motor provides 1.2-1.5 Kg-
cm torque at 4.8-6V. Although this amount is larger than the other motor, but it still 
meets the requirement without causing any damage. The motor speed is 0.12 s/60 
degrees.  
 
Figure 2.6 a, b – 3.7 g micro servo (left), Servo HS-55 (right) 
 
Micro-Controller 
The control used for the servo was done through PWM signal. Due to the ease of 
control, programming, relatively low cost and small size, Freeduino SB (special port of 
the Arduino Diecimila) was purchased (figure 2.7)[16]. The programming language used 
in this micro controller is called “wiring” which is very easy to learn and is similar to 
C/C++, but streamlined for quicker development [16]. The board is an Atmel 
ATmega328 running at 16MHz, connected through an FTDI232R USB-to-serial 
converter [16]. It has 14 digital I/O pins, 6 with PWM, which provide the ability to 
connect the required amount of motor (5) for this hand design [16].  
 20
 
Figure 2.7 – Freeduino SB Micro Controller 
Sensors 
The Interlink Force Sensing Resistors with 0.2” circular pad is introduced as a non-
polarized sensor in the tip of each finger to measure the physical force/pressure applied 
on the key. FSR is optimized for use in human touch control applications. Its resistive 
value (in Ohm Ω) changes depending on how much it is pressed. FSR force range is 
between 0-20lb (0-100N). FSR acts as an open circuit when there is no pressure. The 
resistance range varies from 100 KΩ (light pressure) to 200 KΩ (max pressure).  This 
device uses 5V on one of the leads, where the other is connected to a pull-down resistor 
to ground. The point between resistor and FSR is connected to the analog pin of the micro 
controller (figure 2.8)  
 
Figure 2.8 – FSR Connection to Micro Controller 
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2.3.3 Inverse Kinematics 
In order to place the end-effector on the desired position, all the joints’ variables 
(figure 2.9) should be determined through inverse kinematics. Since the functionality and 
structure of the first and second fingers are the same; IK is calculated for one finger and 
the thumb.  
 
Figure 2.9 - Finger Joints’ Variables 
 
2.3.3.1 Denavit-Hartenberg Representation 
One method to find the coordinate system in robotic applications is DH 
representation. In this method, each homogeneous transformation matrix A is a product 
of 4 basic transformations. C and S denote the cosine and sine function respectively. 
   = 
 , Ѳ   ,     ,   
 ,                                                                                (2.3) 
                                                                                                                         
 
   Cθᵢ     -Sθᵢ 0 0   1 0 0 0   1 0 0  aᵢ   1 0 0 0 
= 
  Sθᵢ  -Sθᵢ 0 0   0 1 0 0   0 1 0 0   0  Cₐᵢ -Sₐᵢ 0 
0  -Sθᵢ 1 0   0 0 1 dᵢ   0 0 1 0   0 Sₐᵢ Cₐᵢ 0 
 0  -Sθᵢ 0 1   0 0 0 1   0 0 0 1   0 0 0 1 
 





        
 Cθᵢ        -Sθᵢ Cₐᵢ  Sθᵢ Sₐᵢ αᵢCθᵢ  
= 
Sθᵢ      Cθᵢ Cₐᵢ -Cθᵢ Sₐᵢ αᵢSθᵢ  
0       Sₐᵢ   Cₐᵢ      dᵢ 
 0 0 0 1 
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DH parameters for each joint of the finger are indicated in the table below. Since the joint 
axes are all parallel to each other, all the twist angles, α ᵢ, and translational distances, bᵢ, 
are zero. 
Joint ᵢ Aᵢ bᵢ αᵢ θᵢ 
1 a₁ 0 0 θ₁ 
2 a₂ 0 0 θ₂ 
3 a₃ 0 0 θ₃ 
 
Table 2.1 – DH Parameters 
 
Substituting the DH parameters from the table above into Matrix A, each 
transformation matrix will be defined as: 
 
    Cθ₁ -Sθ₁ 0 α₁Cθ₁ 
⁰A₁  =    Sθ₁ Cθ₁ 0 α₁Sθ₁ 
    0 0 1 0 




Cθ₂ -Sθ₂ 0 α₂Cθ₂ 
¹A₂     =    Sθ₂ Cθ₂ 0 α₂Sθ₂ 
    0 0 1 0 




Cθ₂ -Sθ₂ 0 α₂Cθ₂ 
²A₃     =    Sθ₂ Cθ₂ 0 α₂Sθ₂ 
    0 0 1 0 




The overall transformation matrix is: 
⁰A ₃ = ⁰ A ₁ ¹ A ₂ ² A ₃           
 
  Cθ₁₂₃  Sθ₁₂₃  0  a₁Cθ₁ + a₂Cθ₁₂ + a₃Cθ₁₂₃       
⁰A ₃ = Sθ₁₂₃  Cθ₁₂₃  0  a₁Sθ₁ + a₂Sθ₁₂ + a₃Sθ₁₂₃       
  0  0  1  0       
  0  0  0  1       
 
 
2.3.3.2 IK Solution for Finger 
The end-effector position can be defined with orientation angle φ and position 
point Qx, Qy (figure 2.10). Therefore the overall transmission matrix can be simplified 
to: 
  Cφ   -Sφ     0        Qx         
⁰ A ₃ =  Sφ     Cφ     0        Qy         
  0        0       1         0         
  0        0       0          0        
 
 
Figure 2.10 - End-effector Orientation Angle & Position Point 
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Sθ₁₂₃= Sф,  Cθ₁₂₃= Cф   
θ =    θ₁ +  θ  + θ  =  ф     
For simplicity, displacement over A is ignored.  
Qₓ = a₁Cθ₁ + a₂Cθ₁₂                 (2.4) 
Qy = a₁Sθ₁ + a₂Sθ₁₂                                 (2.5) 
 
We know that:  
Cos (θ₁ + θ₂) = (Cθ₁ Cθ₂) – (Sθ₁ Sθ₂)          (2.6) 
Sin (θ₁ + θ₂) = Cθ₁ Sθ₂ + Sθ₁ Cθ₂           (2.7) 
Qx² + Qy² = a₁² Cθ₁² + a₂² Cθ₁₂² + a₁² Sθ₁² + a₂² Sθ₁₂² + 2a₁a₂Cθ₁Cθ₁₂ + 2a₁a₂Sθ₁Sθ₁₂  
Qx² + Qy² = a₁² + a₂² + 2a₁a₂ [Cθ₁ Cθ₁₂ + Sθ₁ Sθ₁₂]  
Qx² + Qy² = a₁² + a₂² + 2a₁a₂ [Cθ₁ (Cθ₁ Cθ₂ – Sθ₁ Sθ₂) + Sθ₁ (Cθ₁ Sθ₂ + Sθ₁ Cθ₂)] 
Qx² + Qy² = a₁² + a₂² + 2a₁a₂ [Cθ₁² Cθ₂ - Sθ₁ Sθ₂ Cθ₁ + Sθ₁ Cθ₁ Sθ₂ + Sθ₁² Cθ₂]  
Qx² + Qy² = a₁² + a₂² + 2a₁a₂ (Cθ₂) 
Solving for Cθ₂: 
Cθ₂ = (Qx² + Qy² - a₁² - a₂²) / 2 a₁a₂  
 θ₂ = arc Cos ((Qx² + Qy² - a₁ ² - a₂²) / 2 a₁a₂))                                           (2.8)                                
 
From above we have: 
Qx = a₁Cθ₁ + a₂Cθ₁₂ = a₁Cθ₁ + a₂ (Cθ₁ Cθ₂ – Sθ₁Sθ₂) = a₁Cθ₁ + a₂Cθ₁ Cθ₂ - a₂Sθ₁ Sθ₂  
      = Cθ₁ (a₁ + a₂Cθ₂) - Sθ₁ (a₂Sθ₂)  
Qy = a₁Sθ₁ + a₂Sθ₁₂ = a₁Sθ₁  + a₂ (Cθ₁ Sθ₂ + Sθ₁ Cθ₂) = a₁Sθ₁ + a₂Cθ₁ Sθ₂ + a₂Sθ₁ Cθ₂ 
        = Sθ₁  (a₁ + a₂Cθ₂) + Cθ₁ (a₂Sθ₂) 
 25
We let a₁ + a₂Cθ₂ = A       and a₂Sθ₂ =B, 
Qx = Cθ₁ A- Sθ₁ B 
Qy = Sθ₁ A + Cθ₁ B  
 
-B Qx = - Cθ₁  AB + Sθ₁ B² 
 A Qy =  Sθ₁ A² + Cθ₁  AB 
-B Qx + A Qy = Sθ₁ B² + Sθ₁ A² = Sθ₁ (B² + A²) 
 
 Sθ₁  = (-B Qx + A Qy) / (B² + A²) 
 θ₁ = Arc S (-B Qx + A Qy) / (B² + A²) 
 
θ₁ = ArcS (-a₂Sθ₂ Qx + a₁ Qy + a₂Cθ₂ Qy) / (a₂²Sθ₂² + a₁ ² + a₂²Cθ₂ ² + 2 a₁ a₂Cθ₂)      (2.9) 
 
Design assumes DIP and PIP joints will have the same angular rotation; therefore  
θ₂ = θ₃  
Servo will be programmed with constant values of Qx, Qy, a₁, a₂ which will calculate θ₁, 
θ₂ from the formula above.  
 
2.3.3.3 IK Solution for Thumb 
 As mentioned earlier, construction of the thumb consists of two joints and one 
motor. Joints’ variables are shown in figure 2.11. Joint IP₂ rotates along the Z axis, but 
joint IP₁ rotates along the Y axis; therefore, θ₂ = 0. Although the thumb is designed to 
mimic the concept of human thumb, joint IP₁ has no impact on the IK calculation. 
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Figure 2.11 - Thumb Joints' variables 
 
Following the same calculation as above,  
Qxt = a₁ Cθ₁ + a₂C θ₁₂ = a₁ Cθ₁  + a₂ (Cθ₁ Cθ₂ – Sθ₁ Sθ₂) 
Qyt =  a₁ Sθ₁  +a₂Sθ₁₂ =  a₁ Sθ₁  + a₂ (Cθ₁ Sθ₂ + Sθ₁ Cθ₂) 
θ₂ = 0 therefore,  
Qxt = a₁ Cθ₁ + a₂Cθ₁ = Cθ₁ (a₁ + a₂) 
Qyt = a₁ Sθ₁ + a₂Sθ₁ = Sθ1 (a₁ + a₂) 
Knowing values of either Qxt or Qyt, θ₁ can be calculated as, 
θ₁ =ACos (Qxt / (a₁ +a₂))                                                                                                   (2.10) 
 
2.3.4 Motor Control 
Although the angle of rotation for each motor has been determined through IK solution, 
but due to the factors such as link length, friction between joints or transmission system, 
there is a possibility that the system in real life does not operate as accurate as calculated. 
i.e. θ₁ and θ₂ are measured to be 15 º and 30º respectively but the fingertip/end-effector 
does not reach the key or does not apply enough force, therefore; motor needs to rotate 
Thumb initial position 
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more. One way to control the motor is adding sensors to the system. Force Sensing 
Resistors (FSR) are introduced as sensor to check whether the fingertip has applied 
sufficient force to the key. Figure 2.12 indicates approximately the resistance of the force 
at different force measurements of FSR [17].  
 
Figure 2.12 – FSR Force Vs. Resistance 
 
Using approximated values from the figure above, table 2.2 presents an example of 
voltage reading of FSR. In this example, R=10KΩ (pull down resistor) and Vc=5V 
(Voltage supply) is used.  
V = Vc ( R/R+FSR)           (2.11)                 
V = RI             (2.12) 
F (N) FSR (KΩ) R+ FSR (KΩ) I ( mA) V (Volt) 
0.2 30 40 0.125 1.25 
1 6 16 0.313 3.13 
10 1 11 0.455 4.55 
100 0.25 10.25 0.488 4.88 
 
Table 2.2 – Voltage reading of FSR as Force increases 
 
It is noticed that as the force increases, the resistance of t
reduces the total resistance 
current flowing through both resistors
 
As mentioned before, the required amount of force
shows the control algorithm of the motor using FSR. W
sensor value changes from zero
and return to the reference 
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he FSR decreases, which 
of FSR resistor and pull down resistor. This means that the 
 increases which causes the voltage to increase. 
 on the key is 
hen fingertip presses
 and as soon as it reaches 1N, then motor stops moving 
position.  
Figure 2.13 – Control Algorithm 
 
1N. Figure 2.13 
 the key, the 
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As shown in the algorithm in figure 2.13, once the FSR analog is read, voltage will be 
determined and used to calculate FSR resistance in the equation 2.11. In order to find the 
amount of Force in Newton, trend line of Force Vs. Resistance graph (figure 2.12) has 
been drawn (figure 2.14). This trend line generates an equation which calculates the 
Force based on the FSR value.  
 
Figure 2.14 – Force Vs. FSR Trend line 
 
FSR = 32.493 e(,-../01234)                                                                                        (2.13) 
FSR = 32.493 / e(-../01234)            
0.541 × Force Ln (e) = Ln (32.493 / FSR) 
Force = (Ln (32.493 / FSR)) / 0.541                    (2.14) 
 
It has to be mentioned that the position of the fingertip is dependent on rotation of two 
joins and therefore two motors. However, since only one sensor will be used per finger, 
the signal from the sensor will be sent to the motor 2 which controls θ₁. ( see figure 2.4).  
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2.4 FEA ANALYSIS 
 
FEA (Finite Element Analysis) is a powerful tool to analyze a model by its 3D 
data. It determines the amount of stress and deformation on the finger joints after 
applying a load. The design of one finger was analyzed through FEA after applying 1N 
force to the bottom of the fingertip. Material used for each joints is Somos 18420. This 
Photopolymer is used in the solid imaging process to build three-dimensional parts. 
Young’s modulus and the Poisson ratio required for the analysis was extracted from the 
material data sheet (Appendix III). In this analysis, MP Joint was assumed to be fixed.  
  
As shown in the picture below, the total deformation and stress are found to be 
maximum 1.11 e-7m and 0.024 MPa respectively (figure 2.15, 2.16). These two small 
numbers prove that the structure is stiff enough to withstand the load of 1N. Appendix II 
provides the details of this analysis.  
 
Figure 2.15 - FEA Analysis-Deformation 
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2.5.1 Finger Model Concept              
 In order to test the functionality of the driving mechanism, a preliminary concept 
was generated for one finger (figure 2.17). The finger consists of three links connected by 
three joints, DIP, PIP and MP.  After the design was completed, the CAD file was sent to 
make a prototype and 3-D printing of the model. 
 
Figure 2.17 - Prototype Design Concept 
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2.5.2 SLA Process 
SLA (stereolithography) is a manufacturing process known as 3-D layering or 3-D 
printing. In this process, a solid plastic three dimensional model can be made from the   
3-D CAD file in few hours.  Software cuts the CAD model into five to ten thin 
layers/millimeter. Machine tank is filled with several gallons of a clear liquid plastic. The 
plastic is very sensitive to the light, so laser hardens the plastic when it is exposed to each 
layer.  The process repeats layer by layer until the model is fully made. Depending on the 
size of the model, this process may take few days. Figure 2.18 demonstrates the process 
and the components.   
 
 
Figure 2.18– SLA process [18] 
 
When the model is built, it will be rinsed with a solvent and then baked in an oven 




Figure 2.19- SLA Oven to cure the plastic [19] 
 
2.5.3 SLA Material 
Material used in this process is DSM Somos ProtoGen O-XT 18420, a white 
liquid photopolymer resin. ProtoGen resin is the first SL resin to demonstrate different 
material properties based on machine exposure control. Using this resin makes the model 
stiff and not brittle.  18420 can be used in wide variety of applications and provides better 
chemical resistance and accurate tolerance to high temperatures during and after build.  
(Appendix III).        
 
As shown in the figure 2.20 two pulleys were installed at DIP and PIP joints. An 
elastic band, passing through the pulleys, connects these two joints to one servo motor 
which is installed in the base of the finger.  Although according to the hand design, there 
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should be two motors per finger, but using one motor only met the objective of this 










Figure 2.20 - SLA Model – End-effector in initial position 
 
2.5.4 Analysis 
During this trial, the following concerns have been realized: 
1. Proximal segment was designed with un-necessary weight. The selected motor 
was not powerful enough for this weight. The updated design will have this 
section cored out.  
2. The middle segment was not robust with two mm wall thickness and as a result 
broke after few iterations. The design will be revised to add more thickness and 
strength.  
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3. Slipping off the elastic band from the pulley did not transfer the force to the joint 
completely, which might be the reason why the end-effector does not apply 
enough force to the key. 
 
 
Figure 2.21 - SLA Model – End-effector in contact position 
 
All these issues have been studied and necessary changes and alternatives have been 

























3.1 FINAL HAND DESIGN 
 
3.1.1 PIP Joint 
After reviewing and analyzing the prototype model, the design of each segment 
was revised to incorporate factors affecting the functionality of the system. As mentioned 
in the previous chapter, middle segment/link was not robust enough therefore the 
thickness has been increased in the necessary areas. Radii of 2 mm were added to all the 
sharp edges to increase the stiffness. Figure 3.1 shows the differences between current 
(red) and revised design (green).  
 
Figure 3.1 – Design Revisions to PIP Joint 
 
3.1.2 Transmission System 
Using pulley and elastic band as a transmission system proved that the force was 
not transferred efficiently to the joints; therefore pulley and elastic band were replaced by 
gear and tooth belt (figure 3.2). Two belts in different sizes and five gears were purchased 
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for each finger.  The finger assembly including five gears, two motors and two belts is 
shown in figure 3.3. 
 
Figure 3.2 – Tooth Belt and Gear 
 
Figure 3.3 – Finger Assembly 
3.1.3 MP Joint 
In order to package the belt appropriately in the finger, the length of the bottom 
link (where the MP joint is) needed to be reduced (figure 3.4) and since this link initially 
was designed with un-necessary weight; as a result, this length decrease helped reduce 
the total weight. Same with middle link, radii of 2mm were added to all the sharp edges 
to increase the stiffness of this link.  
 
Figure 3.4 – Design Revisions to MP Joint 
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3.1.4 Pegs 
In order to tighten the belt securely to the gear, and avoid slipping belt tooth off 
the gear tooth, pegs where added close to DIP and PIP joint (figure 3.5). It was also 
noticed that when the bars, connecting joints together, were made from the same material 
as the other links(Somos ProtoGen O-XT 18420), friction was increased between the bar 
and the link and as a result, joints were rotating slower. To improve the rotation and 
movement, all the SLA bars were replaced with metal bars.  
 
 
Figure 3.5 – Pegs to secure the belt on the gear 
 
Figure 3.6 shows the full hand assembly consist of five motors (two per finger 
and one for the thumb), four belts (two per finger), ten gears (five per finger), eight metal 






















This section demonstrates the hand assembly during the experiment in playing mode. 
Each finger has been tested to play one key. Since the hand does not move along the 
piano, each finger is able to hit one key in the set position. All the components of the 















3.2.1  Initial position of Finger and the Thumb 
Each time the micro controller turns on, the motors are programmed to turn to POS=0, 
which rotates the joints and locates the fingers on the keys without touching them.  Figure 
3.8 shows the initial position of the fingers and thumb. 
 
 
Figure 3.8– Initial Position of Fingers and the Thumb  
 
3.2.2  Scenario 1 - Thumb in Playing Mode 
Motor 5 drives the thumb assembly.  It initiates the sequence, which is attached to 
microcontroller pin #3. Once the angle of rotation for motor 5 is calculated (as per 
equation 2.10), the motor then rotates from POS=0 and actuates the IP₂ joint (see figure 
2.3) to press the key. Figure 3.9 shows the thumb while applying force on the key. Since 
the thumb has a more simple mechanism compared to the other two fingers, the force 
from the motor is transferred fully to the tip of the thumb; therefore, the thumb pushes the 
key with a greater force than 1N. Although it was mentioned in the previous chapters that 
the required force amount was 1N, this experiment proved that the additional amount of 
force does not damage the key. The value was recorded through the reading from the 
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sensor shown in figure 3.9A. The time for the motor to rotate from the reference position 
and come back to the reference position is 60 ms.    
 
 
Figure 3.9 – Thumb in Playing Mode 
 






3.2.3  Scenario 2 – First Finger in Playing Mode 
Finger motion is programmed in sequence with the thumb; once the thumb reaches its 
final retracted position, the first (index) finger motors begin to actuate in the following 
sequence:  
1. Motor 2 rotates and actuates MP₁ 
2. Motor 1 rotates and actuates DIP₁ and PIP₁ forcing the end-effector to strike the 
key.   
3. Motor 1 retracts back to the reference position 
4. Motor 2 retracts back to the reference position. 
Figure 3.10 shows the first finger in plying mode. The time for this sequence is 40ms. 
Due to friction between the belts, joints and links, the system takes longer than 40ms, but 
still less than 1 sec for the finger to come back to its reference position. The amount of 
force applied on the key is measured through the sensor and shown in figure 3.10A.  
 
Figure 3.10 – First Finger in Playing Mode 
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Figure 3.10A – Force Value from the First Finger 
 
3.2.4  Scenario 3 – Second Finger in Playing Mode 
Once the first finger is back to the reference position, the second finger is actuated per the 
following sequence.  
1. Motor 4 rotates and actuates MP₂ 
2. Motor 3 rotates and actuates DIP₂ and PIP₂, which forces the end-effector to 
strike the key  
3. Motor 3 retracts back to its reference position 
4. Motor 4 retracts back to its reference position 
 
Figure 3.11 presents the second finger while pressing the key. Since the design of the first 
and second finger is identical, it takes the same time for the second finger to move from 
its reference position and back; however, the value of force read by the sensor was 
slightly different compared to the index finger (figure 3.11A).  This difference is 




Figure 3.11 – Second Finger in Playing Mode 
 
 
Figure 3.11A – Force Value from the second Finger 
 
As mentioned above, the robot hand has been tested to visualize the sequence in 
programming as well as functionality of the driving mechanism and sensors. Results from 
the sensors installed at the fingertips indicate the force applied on each key was sufficient 
to complete the press and release sequence in the required one second target.  Although 
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the thumb applied more power than required there was no damage to the key. The 
experiment results met the outlined expectations; however, the hand design, as well as the 
mechanism, can be modified for better functionality and faster response. These revisions 
and future suggestions will be discussed in the last chapter. 



































4.1   DEXTERITY INDEX  
 
4.1.1 Dexterity Indices of Serial Manipulator 
The need for kinematic design in the robotic manipulators to help developing a 
precise structure has led to definition of performance or dexterity index. In the 3-DOF 
finger shown below, end-effector’s Cartesian Coordinated includes two positioning 
component x, y and rotation angle ф [20]. Reference frame R is attached to the base and 
R΄ is attached to the end-effector (figure 4.1) 
 
 








Joint A, B, C can be defined as: 
A =  
a₁Cos θ₁ 
a₁ Sin θ₁ 
  
B = 
a₁Cos θ₁ + a₂ Cos(θ₁ + θ₂) 
a₁ Sin θ₁ + a₂ Sin(θ₁ + θ₂) 
 
C = 
a₁Cos θ₁ + a₂ Cos(θ₁ + θ₂) + a₃ Cos (θ₁ + θ₂ + θ₃) 
a₁ Sin θ₁ + a₂ Sin(θ₁ + θ₂) + a₃ Sin (θ₁ + θ₂ + θ₃) 
 
 
This structure is in a singular configuration whenever it is fully extended i.e. θ₂=θ₃=0º or 
when the second link overlaps the first link i.e. θ₂=0º or θ₂=180º 
                          T 
Cartesian coordinates of the end-effector is defined as Y = [x, y, ф]       (4.1) 
 
 
 x           a₁C₁ + a₂C₁₂ + a₃C₁₂₃      a₂C₁₂ + a₃C₁₂₃     a₃C₁₂₃               h₁ (θ₁, θ₂, θ₃) 
 y    =    a₁S₁ + a₂S₁₂ +  a₃S₁₂₃      a₂S₁₂ + a₃S₁₂₃      a₃S₁₂₃       =      h₂ (θ₁, θ₂, θ₃) 
 1                    1    1  1        1 
 
Where C₁₂ and S₁₂ represent Cos (θ₁+ θ₂) and Sin (θ₁+ θ₂) respectively.  
For all the revolute joints used in this finger, the joint coordinate vector is  
         (4.2) 
   
 
Therefore, Joint velocity vector and Cartesian velocity vector are defined as  
      
θ ̇=    θ ̇₁, θ ̇₂, θ ̇₃ ᵀ                                      
 
      
Ẏ =    ẋ, ẏ, ф ̇  ᵀ 
 
θ  =   θ₁ ,  θ₂ ,  θ₃   ᵀ   
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Where ẋ and ẏ are position vectors of x and y of Frame R´; 
Jacobian matrix is calculated as follows: 
J θ ̇= Ẏ                             (4.3) 
             
J =             
 
           – a₁S₁ – a₂S₁₂ – a₃S₁₂₃         – a₂S₁₂ – a₃S₁₂₃ – a₃S₁₂₃ 
  J =       a₁C₁ + a2C₁₂+ a₃C₁₂₃          a₂C₁₂ + a₃C₁₂₃    a₃C₁₂₃ 
1                   1          1 
 
4.1.2  Dexterity Measure based on Minimum Number of Parameters 
Since Cartesian velocity includes both linear and angular velocities, the entries of 
matrix J have different dimensions and therefore should be scaled. In order to do this, the 
velocity of two points A & B on the end-effector is used (figure 4.2).   
 
Then the Cartesian velocity becomes: 
                         
        
Ẏ΄ =    υax, υay, υbx, υby    ᵀ                                                                                           (4.4) 
 
This implied using four kinematics parameters for three Degree-of-freedom 
system. This numerical computation helps the system to be stable, reliable and rigid. 
However, using the minimum number of kinematic parameters allow us to use three of 
four velocity components mentioned above [20-21]. To do this, new coordinate frame R˝ 

















axis. β defines the orientation of R˝ with respect to R. Figure 4.2 shows the new reference 
frame R˝. 
 
Figure 4.2 - Reference frame R˝ attached to one of the two points on end-effector 
 
The new velocity component will be  
 
             
Ẏ˝ =   υax, υay, υbx       ᵀ 
 
The kinematic relationship between Ẏ̇ and Ẏ ˝ can be written as: 
Ẏ ˝ = R Ẏ  
 
 
Point O˝ and A can be chosen in a way that they are coincident which avoids singularity 
condition.  
 53
ya = yb = 0 
Therefore R becomes: 
 J˝ =  R × J 
            Cos β    Sin β    0          – a₁S₁ – a₂S₁₂ – a₃S₁₂₃             a₂S₁₂ –  a₃S₁₂₃         – a₃S₁₂₃ 
J˝  =   -Sin β    Cos β    0             a₁C₁ + a₂C₁₂ + a₃C₁₂₃            a₂C₁₂ + a₃C₁₂₃            a₃C₁₂₃ 
           -Sin β    Cos β   xb                           1                                    1                              1 
 
    
   N₁    N₂     N₃ 
J˝ =       N₄   N₅     N₆                
 N₇    N₈     N₉ 
 
N₁ = Cβ (– a₁S₁ – a₂S₁₂ – a₃S₁₂₃) + Sβ (a₁C₁ + a₂C₁₂ + a₃C₁₂₃) 
N₂ = Cβ (– a₂S₁₂ – a₃S₁₂₃) + Sβ (a₂C₁₂ + a₃C₁₂₃)              
N₃ = Cβ (– a₃S₁₂₃) + Sβ (a₃C₁₂₃) 
N₄= -Sβ (– a₁S₁ – a₂S₁₂ – a₃S₁₂₃) +Cβ (a₁C₁ + a₂C₁₂ + a₃C₁₂₃)             
N₅ = -Sβ (– a₂S₁₂ – a₃S₁₂₃) + Cβ (a₂C₁₂ + a₃C₁₂₃)             
N₆ = -Sβ (– a₃S₁₂₃) + Cβ (a3C₁₂₃) 
N₇ = -Sβ (– a₁S₁ – a₂S₁₂ – a₃S₁₂₃) +Cβ (a₁C₁ + a₂C₁₂ + a₃C₁₂₃) + xb       
N₈ = -Sβ (– a₂S₁₂ – a₃S₁₂₃) + Cβ (a₂C₁₂ + a₃C₁₂₃) + xb       
N₉ = -Sβ (– a₃S₁₂₃) + Cβ (a₃C₁₂₃) 
  
 
Dexterity Index based on the condition number is written as  
ʋ = K (J˝)              (4.5) 
Where K (J˝) is a condition number of matrix J and is defined as: 
K ( J˝ ) =  ║ J˝  ║║ J ˝  ̵ ˡ║            (4.6) 
                      
║ J˝  ║ = √ ( J ˝ ᵀ   J )             (4.7) 
  
   
                           N₁    N₄     N₇   N₁     N₂     N₃ 
║ J˝ ║ = √ {       N₂    N₅     N₈            N₄     N₅     N₆      } 




ʋ = (√ M₁M₂) / (3 a₁a₂xbs₂)                       (4.8) 
M₁ = a₁² + 2a₂² + 3a₃² + 3xb² + 2a₁a₂C₂+ 2a₁a₃C₂₃ + a₁²S²₂₃ + 2a₂²S₃² + 4a₂a₃C₃ 
        +2a₃xbS₃ + 4a₂xbS₃ + 2a₁xbS₂₃ +2a₁a₂S₃S₂₃ 
 
M₂ = 2a₁²xb² + 2a₂²xb² + 2a₁a₂xb²C₂ +4a₂²a₃²S²₃ - 4a₂²a₃xbS₃C₃ – 4a₁²a₃xbS₂₃C₂₃ 
- 2a₁²a₂xbS₂C₂₃ + 4a₁²a₃²S²₂₃ + 4a₁a₂a₃²S₃S₂₃ + 2a₁²a₂²S²₂ – 2a₁a₂a₃xbS₃C₂₃ -
2a₁a₂a₃xbC₃S₂₃ + 4a₁²a₂a₃S₂S₂₃ 
 
Since joint 2 and joint 3 are coupled and joint 3 is actuated passively by joint 2, then; 
θ₂ = θ₃ 
In the figure below, the desired position of the end-effector and the relative angle of 
rotation are measured. Substituting these values in the equation above will calculate the 
Dexterity index shown in the table.  
 
Figure 4.3 - variables and constant parameters of finger Dexterity 
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a₁ a₂ a₃ θ₁ (rad) θ₂ (rad) θ₃ (rad) xb ʋ 
39.187 28.835 24.147 0.262 0.558 0.558 61.28 7.850  
 
Table 4.1 – Finger Dexterity Index value 
 
 
4.2   OPTIMIZATION  
 
One method to optimize the Dexterity Index is genetic algorithm. Genetic and 
evolutionary Algorithm Toolbox is an application in MATLAB used to optimize variety 
of systems. In this algorithm, each population is divided into several subpopulations. At 
each generation of GA, individuals are selected based on their level of fittest in the 
problem and new set of approximation is made. The mathematical expression of objective 
function is calculated for every single individual of the population [22-26]. 
 
In relation to finger design, variables are determined to be xb, θ₁, θ₂, θ₃ with the following 
boundaries.  
0 < θ₁ < 0.262 rad (15 º) 
0 < θ₂= θ₃ < 0.611 rad (35 º) 
61.7 < xb < 86.8 




Generation f-Count Obj. Function Term: 1 
1 100 7.8104 2.50% 
3 280 7.6182 7.50% 
6 550 7.4481 15.00% 
9 820 7.4481 22.50% 
12 1090 7.4481 30.00% 
15 1360 7.4481 37.50% 
18 1630 7.4481 45.00% 
21 1900 7.4481 52.50% 
24 2170 7.4481 60.00% 
27 2440 7.4481 67.50% 
 
Table 4.2 – Objective Function Value per Generation 
 
From table above, it is found out that by generation 4, the best objective value or 
optimized dexterity value is 7.4481 when the best individuals are: 
θ₂= θ₃ = 0.61087 rad (35º) 
θ₁ = 0.2618 rad (15º) 





Figure 4.4 - Best Objective values per subpopulation 




































Best objective values per subpopulation





























































The purpose of this experiment was to apply mechanical engineering and robotic 
principals along with design creativity to build a robot hand that can play the piano. The 
hand consists of two fingers and one thumb. Each finger has three joints (DIP, PIP and 
MP) same as human finger. Although the thumb has two joints but one of the joints does 
not affect the functionality and designed for the initial position setup if necessary. The 
thumb is directly connected to the motor.  Using the concept of “an under actuated 
system”, two actuators were used for three-DOF finger and one actuator was used for two 
DOF thumb. Less components, less packaging space and lower cost are the advantages of 
this system. All motors are programmed and controlled by a microcontroller. PIP and DIP 
joints are mechanically coupled. One motor actuates MP joint and the other motor 
actuates PIP joint actively and DIP joint passively. Each motor transfers the force to the 
particular joint using gear and tooth belt. The use of tooth belt and gear became necessary 
when a prototype of a finer was built. In this model, pulley and elastic band was used as a 
driving method. However, slipping off the band from the pulley led to inefficiency in 
transferring the force from the motor to the joint. Therefore, there was not enough power 
for the fingertip to apply on the piano key. Although the required angle of rotation for 
each joint was calculated through Inverse Kinematics but sensors were introduced to 
measure the force applied on the key when fingertip touches the key. If the applied force 
is not enough, signal will be sent from the sensor to the motor to increase the angle of 
rotation. Some revisions were made to each link to improve the design. The amount of 
stress and deformation was tested on one finger using FEA analysis. The result of 
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analysis proved that the structure of the finger can handle the amount of reaction force 
from the key on the end-effector. Using FSR as sensors at the tip of each finger and the 
thumb, the amount of force applied on each key was measured. The accuracy of the 
manipulator performance was determined through Dexterity Index. Genetic Algorithm 
method had been used for optimizing the Dexterity Index. Table below shows the cost of 
each component purchased for this assembly.  
 
 
Item Description Quantity  Cost  
1 SLA model of the Finger 1  $        50.00  
2 SLA model of Hand assembly 1  $      300.00  
3 Pulley / Elastic Band 2  $        15.00  
4 3.7 g Micro Servo  4  $        35.93  
5 Servo Motor (HS-55) 2  $        31.64  
6 Gear 10  $        28.19  
7 Micro Controller 1  $        45.00  
8 Metal Rod 6  $        20.00  
9 Timing Belt 4  $        53.90  
10 Force Sensing Resistor 2  $        23.87  
Total  $      603.53  
 
Table 5.1 – Cost breakdown  
 
 
5.2      FUTURE WORK 
 
In this thesis, each finger consist of three joints, however, using three revolute 
joints as opposed to two revolute and one universal, provides less degree of freedom 
comparing to the human finger. Replacing the revolute joint at the MP with universal 
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joint will increase the degree of freedom from three to four. The design of the thumb can 
be revised to add two more joints, both universal, to provide the same degree of freedom 
as human thumb. Using position sensors at the tip of each finger in future work could 
improve finger position accuracy. A rail with transmission belt and a motor parallel to the 
piano (figure 5.1) will be designed to move the entire hand assembly along the rail, so 
each finger is capable of playing more than one key. 
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// by BARRAGAN <http://barraganstudio.com>  
 
#include <Servo.h>  
  
Servo myservo1, myservo2, myservo3, myservo4, myservo5;   
// create servo object to control a servo  
// a maximum of eight servo objects can be created  
  
int pos = 0;            // variable to store the servo position  
int fsrPin0 = 0;        // FSR1 is connected to a0 
int fsrPin1 = 0;        // FSR2 is connected to a1 
int fsrReading1;      // the analog reading from FSR1 resistor divider 
int fsrReading2;      // the analog reading from FSR2 resistor divider 
int fsrVoltage1;       // the analog reading converted to voltage 
int fsrVoltage2;       // the analog reading converted to voltage 
int fsrResistance1;   // the voltage converted to resistance 
int fsrResistance2;   // the voltage converted to resistance 
int fsrForce1;            // the resistance converted to force  
int fsrForce2;           // the resistance converted to force  
 
float z1,z2,z3,z,C2,S1,S2,Qx,Qy,deg1,deg2,QTx,N3,deg3; 
const float pi = 3.14; 
const float a1 = 39.18; 
const float a2 = 28.83;  
const float at1= 44.96; 
const float at2= 24.63; 
 
 
void setup()  
{  
  Serial.begin(9600);         // debugging information is sent via the serial monitor 
  Myservo5.attach(3);        // attaches the servo on pin 3 to move the thumb 
  Myservo1.attach(10);        // attaches the servo on pin 10 to move DIP1 and PIP1 
  Myservo2.attach(5);        // attaches the servo on pin 5 to move MP1 
  Myservo4.attach(11);    // attaches the servo on pin 10 to move MP2 
  Myservo3attach(9);    // attaches the servo on pin 9 to move DIP2 and PIP2 
 
  myservo1.write(0);   
  myservo2.write(0); 
  myservo3.write(180);   
  myservo4.write(180); 





 void loop()  
{  
  Qx = 61.28; 
  Qy = 52.75; 
  QTx = 65; 
 
// calculation from Inverse Kinematic for DIP1 and PIP1  
   
C2 = (sq(Qx) + sq(Qy) -sq(a1) - sq(a2))/(2*a1*a2);  
  z2 = acos((sq(Qx) + sq(Qy) -sq(a1) - sq(a2))/(2*a1*a2)); 
  deg2 = z2*180/pi; 
  S2 = sin(deg2); 
  S1=(a1*Qy-a2*S2*Qx+ a2*C2*Qy)/(sq(a2)*sq(S2)+sq(a1)+sq(a2)*sq(C2)+2*a1*a2*C2);  
  z1 = asin((a1*Qy - a2*S2*Qx + a2*C2*Qy)/( sq(a2)* sq(S2)+ sq(a1)+ sq(a2)* sq(C2) + 
2*a1*a2*C2)); 
  deg1 = z1*180/pi;   
   
  N3= acos(QTx/(at1+at2)); 
  deg3 = N3*180/pi; 
   
if (myservo1.read()=0 and myservo2.read()=0 and  myservo3.read()=180 and  
myservo4.read()=180 and myservo5.read()=180) 
{   
  for ( pos= myservo5.read(); pos>=180-deg3; pos-=1)    // goes from 180-deg3to 0  
degrees 
   {            // in steps of 1 degree 
      Myservo5.write(pos);              // tell servo to go to position in variable 'pos' 
      delay (15)                                // waits 15ms for the servo to reach the position 
    } 
   
  for ( pos=myservo5.read(); pos<=180; pos+=1)  // goes from 0 degrees to180 degrees 
   {          // in steps of 1 degree 
      Myservo5.write(pos);        // tell servo to go to position in variable 'pos' 
      delay (15)         // waits 15ms for the servo to reach the position 
    } 
  
 
for(pos = myservo1.read(); pos<=deg1; pos+=1)  // goes from deg1 with increment of 1  
degree  
      {                                 
        myservo1.write(pos);                            // tell servo to go to position in variable 'pos'  
        delay(10);                                           // waits 10ms for the servo to reach the position  
      } 
   
  for(pos = myservo2.read(); pos<=deg2; pos+=1)    // goes from deg2 with increment of  
1  degree  
 
      {                                 
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        myservo2.write(pos);               // tell servo to go to position in variable 'pos'  
        delay(10);                                // waits 10ms for the servo to reach the position  
      } 
  for(pos = myservo2.read(); pos>=0; pos-=1)      
      {                                 
        myservo2.write(pos);              // tell servo to go to position in variable 'pos'  
        delay(10);                                // waits 10ms for the servo to reach the position  
      }  
   for(pos = myservo1.read(); pos>=0; pos-=1)      
      {                                 
        myservo1.write(pos);              // tell servo to go to position in variable 'pos'  
        delay(10);                                 // waits 10ms for the servo to reach the position   
         
      } 
   
// control system starts from here 
fsrReading1 = analogRead(fsrPin0); 
Serial.print(“Analog reading1 =” ); 
 
// analog voltage reading ranges from about 0 to 1023 which maps to0V to 5V 
(=5000mv) 
 
fsrVoltage1 = map(fsrReading1, 0, 1023, 0, 5000); 
Serial.print(“Voltage1 reading in mV =”); 
 
// the Voltage = Vc * R / (R+FSR) where R = 10k and Vc = 5V 
// so FSR = ((Vc –V) * R ) / V 
 
fsrResistance1 =  5000 – fsrVoltage1;    // fsrVoltage1 is in millivolts so 5V=5000mv 
fsrResistance1 *=10000;     //i.e. 10K resistor 
fsrResistance1 /=fsrVoltage1; 
Serial.print (“FSR1 resistance in ohms =”)’ 
// from force Vs. resistance graph, FSR = 32.493 e-0.5418Force 
// So Force = (Ln (32.493/FSR))/0.541 
 
fsrForce1 = (Ln (32.493/FSR1))/0.541); 
Serial.print(“Force1 in Newton: ”); 
 
If (fsrForce1 < 1)           // if force is less that the required amount,  
{ 
       for ( z1= z1*180/pi; pos>=1; pos-=1) // θ1 increases by 1 
      { 
      Myservo2.write(z1);        // servo 2  reads the new θ1 
      delay (10) 




      { 
      Myservo2.write(z1*180/pi);             // otherwise servo2 reads the previous θ1 
      delay (10) 
       } 
 
 
for(pos = myservo3.read(); pos>=180-deg1; pos-=1)     // goes from 180-deg1 to 0 
degrees  
      {                                 
        myservo3.write(pos);               // tell servo to go to position in variable 'pos'  
        delay(10);                                // waits 10ms for the servo to reach the position  
           
      } 
   
  for(pos = myservo4.read(); pos>=180-deg2; pos-=1)   // goes from 180-deg2 to 0 
degrees  
      {                                 
        myservo4.write(pos);                // tell servo to go to position in variable 'pos'  
        delay(10);                                 // waits 10ms for the servo to reach the position  
      } 
       
      for(pos = myservo4.read(); pos<=180; pos+=1)     // goes from 180 degrees to 0 
degrees  
      {                                 
        myservo4.write(pos);              // tell servo to go to position in variable 'pos'  
        delay(10);                                // waits 10ms for the servo to reach the position  
      }  
   for(pos = myservo3.read(); pos<=180; pos+=1)     // goes from 180 degrees to 0 degrees  
      {                                 
        myservo3.write(pos);              // tell servo to go to position in variable 'pos'  
        delay(10);                               // waits 10ms for the servo to reach the position       




// control system starts from here 
fsrReading2 = analogRead(fsrPin1); 
Serial.print(“Analog reading2 =” ); 
 
// analog voltage reading ranges from about 0 to 1023 which maps to0V to 5V 
(=5000mv) 
 
fsrVoltage2 = map(fsrReading2, 0, 1023, 0, 5000); 
Serial.print(“Voltage2 reading in mV =”); 
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// the Voltage = Vc * R / (R+FSR) where R = 10k and Vc = 5V 
// so FSR = ((Vc –V) * R ) / V 
 
fsrResistance2 =  5000 – fsrVoltage2;    // fsrVoltage is in millivolts so 5V=5000mv 
fsrResistance2 *=10000;     // i.e. 10K resistor 
fsrResistance2 /=fsrVoltage2 
Serial.print (“FSR2 resistance in ohms =”)’ 
// from force Vs. resistance graph, FSR = 32.493 e-0.5418Force 
// So Force = (Ln (32.493/FSR))/0.541 
 
fsrForce2 = (Ln (32.493/FSR2))/0.541; 
Serial.print(“Force2 in Newton: ”); 
 
If (fsrForce2 < 1)           // if force is less that the required amount,  
{ 
       for ( z3= z3*180/pi; pos>=1; pos-=1) // θ3 increases by 1 
      { 
      Myservo4.write(z3);        // servo reads the new θ3 
      delay (15) 
       } 
} 
else  
      { 
      Myservo4.write(z3*180/pi);             // otherwise servo reads the previous θ3 
      delay (10) 
       } 
 
  Serial.println(z1*180/pi, DEC); 
  Serial.println(z2*180/pi, DEC); 
  Serial.println(z3*180/pi, DEC); 
  Serial.println(z4*180/pi, DEC); 
  Serial.println(pos, DEC); 
  Serial.println(fsrReading1); 
  Serial.println(fsrReading2); 
  Serial.println(fsrVoltage1); 
  Serial.println(fsrVoltage2); 
  Serial.println(fsrResistnace1); 
  Serial.println(fsrResistnace2); 
  Serial.println(fsrForce1); 
  Serial.println(fsrForce2); 
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 Contact Regions 
o Mesh 
o Static Structural 
 Analysis Settings 
 Loads 
 Solution 
 Solution Information 
 Results 
 Max Equivalent Stress 
 Results 
 Max Shear Stress 
 Results 
• Material Data 
o Somos 18420 
Units 
TABLE 1 
Unit System Metric (m, kg, N, °C, s, V, A) 
Angle Degrees 




Model > Geometry 
Object Name Geometry 




Length Unit Millimeters 
Element Control Program Controlled 
Display Style Part Color 
Bounding Box 
Length X 0.16417 m 
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Length Y 7.5873e-002 m 
Length Z 7.7656e-002 m 
Properties 
Volume 1.9582e-004 m³ 
Mass 0. kg 
Statistics 
Bodies 6 




Import Solid Bodies Yes 
Import Surface Bodies Yes 
Import Line Bodies Yes 
Parameter Processing Yes 
Personal Parameter Key DS 
CAD Attribute Transfer No 
Named Selection Processing No 
Material Properties Transfer No 
CAD Associativity Yes 
Import Coordinate Systems No 
Reader Save Part File No 
Import Using Instances Yes 
Do Smart Update No 
Attach File Via Temp File No 
Analysis Type 3-D 
Mixed Import Resolution None 
Enclosure and Symmetry Processing Yes 
TABLE 3 
Model > Geometry > Parts 







Material Somos 18420 






Length X 0.11247 m 3.e-003 m 5.e-002 m 
4.5321e-002 
m 


















































Moment of Inertia 
Ip1 
0. kg·m² 
Moment of Inertia 
Ip2 
0. kg·m² 




Nodes 14485 270 445 5113 7054 
Elements 7161 40 80 2389 3450 
TABLE 4 
Model > Geometry > Parts 







Material Somos 18420 
Stiffness Behavior Flexible 
Nonlinear Material Effects Yes 
Bounding Box 
Length X 2.9307e-002 m 
Length Y 1.e-002 m 
Length Z 3.0312e-002 m 
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Properties 
Volume 3.3089e-006 m³ 
Mass 0. kg 
Centroid X 2.9628e-002 m 
Centroid Y 1.0425e-002 m 
Centroid Z 3.5295e-002 m 
Moment of Inertia Ip1 0. kg·m² 
Moment of Inertia Ip2 0. kg·m² 






Model > Connections 
Object Name Connections 
State Fully Defined 
Auto Detection 
Generate Contact On Update Yes 
Tolerance Type Slider 
Tolerance Slider 0. 




Priority Include All 
Same Body Grouping Yes 
Revolute Joints Yes 









- Rod3 To 
Joint3 
No Separation 
- Rod3 To 
Joint2 
No Separation 
- Rod2 To 
Joint2 
No Separation 
- Rod2 To 
Joint1 
State Fully Defined 
Scope 
Scoping Geometry Selection 
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Method 
Contact 1 Face 2 Faces 
Target 3 Faces 4 Faces 1 Face 2 Faces 1 Face 
Contact 
Bodies 
Piano Rod3 Rod2 
Target Bodies Joint1 Joint3 Joint2 Joint1 
Definition 
Type Bonded No Separation 


















Model > Connections > Contact Regions 
Object Name 
No Separation - Joint3 To 
Joint2 
No Separation - Joint2 To 
Joint1 
State Fully Defined 
Scope 
Scoping Method Geometry Selection 
Contact 2 Faces 
Target 3 Faces 2 Faces 
Contact Bodies Joint3 Joint2 
Target Bodies Joint2 Joint1 
Definition 
Type No Separation 




Formulation Pure Penalty 
Normal Stiffness Program Controlled 





Pinball Region Program Controlled 
Mesh 
TABLE 8 
Model > Mesh 
Object Name Mesh 
State Solved 
Defaults 
Physics Preference Mechanical 
Relevance 0 
Advanced 
Relevance Center Coarse 
Element Size Default 
Shape Checking Standard Mechanical 
Solid Element Midside Nodes Program Controlled 
Straight Sided Elements No 












Model > Analysis 
Object Name Static Structural 
State Fully Defined 
Definition 
Physics Type Structural 
Analysis Type Static Structural 
Options 
Reference Temp 22. °C 
TABLE 10 
Model > Static Structural > Analysis Settings 
Object Name Analysis Settings 
State Fully Defined 
Step Controls 
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Number Of Steps 1. 
Current Step Number 1. 
Step End Time 1. s 
Auto Time Stepping Program Controlled 
Solver Controls 
Solver Type Program Controlled 
Weak Springs Program Controlled 
Large Deflection Off 
Inertia Relief Off 
Nonlinear Controls 
Force Convergence Program Controlled 




Rotation Convergence Program Controlled 
Line Search Program Controlled 
Output Controls 
Calculate Stress Yes 
Calculate Strain Yes 
Calculate Results At All Time Points 
Analysis Data Management 
Solver Files Directory 
F:\UOIT\Thesis\FEA\FEA result- Dec 5,2010 Simulation 
Files\Static Structural\ 
Future Analysis None 
Save ANSYS db No 
Delete Unneeded Files Yes 
Nonlinear Solution No 
FIGURE 2 




Model > Static Structural > Loads 
Object Name Fixed Support Fixed Support 2 Fixed Support 3 Force 
State Fully Defined 
Scope 
Scoping Method Geometry Selection 
Geometry 1 Face 2 Faces 1 Face 
Definition 
Type Fixed Support Force 
Suppressed No 
Define By   Vector 
Magnitude   1. N (ramped) 
Direction   Defined 
FIGURE 3 





Model > Static Structural > Solution 
Object Name Solution 
State Solved 
Adaptive Mesh Refinement 
Max Refinement Loops 1. 
Refinement Depth 2. 
TABLE 13 
Model > Static Structural > Solution > Solution Information 
Object Name Solution Information 
State Solved 
Solution Information 
Solution Output Solver Output 
Newton-Raphson Residuals 0 
Update Interval 2.5 s 
Display Points All 
TABLE 14 
Model > Static Structural > Solution > Results 
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Display Time End Time 
Results 
Minimum 3.1541e-006 Pa 1.7997e-006 Pa 0. m 








Time 1. s 
Load Step 1 
Substep 1 
Iteration Number 1 
FIGURE 4 








Model > Static Structural > Solution > Stress Safety Tools 
Object Name Max Equivalent Stress 
State Solved 
Definition 
Theory Max Equivalent Stress 
Stress Limit Type Tensile Yield Per Material 
TABLE 16 
Model > Static Structural > Solution > Max Equivalent Stress > Results 
Object Name Safety Factor Safety Margin 
State Solved 
Scope 
Geometry All Bodies 
Definition 
Type Safety Factor Safety Margin 
Display Time End Time 
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Results 
Minimum 0.  -1.  
Minimum Occurs On Piano 
Information 
Time 1. s 
Load Step 1 
Substep 1 
Iteration Number 1 
TABLE 17 
Model > Static Structural > Solution > Stress Safety Tools 
Object Name Max Shear Stress 
State Solved 
Definition 
Theory Max Shear Stress 
Factor 0.5 
Stress Limit Type Tensile Yield Per Material 
TABLE 18 
Model > Static Structural > Solution > Max Shear Stress > Results 
Object Name Safety Factor Safety Margin 
State Solved 
Scope 
Geometry All Bodies 
Definition 
Type Safety Factor Safety Margin 
Display Time End Time 
Results 
Minimum 0.  -1.  
Minimum Occurs On Piano 
Information 
Time 1. s 
Load Step 1 
Substep 1 
Iteration Number 1 
FIGURE 6 
Model > Static Structural > Solution > Figure 
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Material Data  
Somos 18420 
TABLE 19 
Somos 18420 > Constants 
Structural 
Young's Modulus 3.1e+009 Pa 
Poisson's Ratio 0.43  
Density 0. kg/m³ 
Thermal Expansion 0. 1/°C 
Thermal 
Thermal Conductivity 0. W/m·°C 
Specific Heat 0. J/kg·°C 
Electromagnetics 
Relative Permeability 0.  
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